Abstract. Protein kinase CK2 is involved in several cellular processes and has lately also been linked to the DNA damage response through phosphorylations and interactions. Herein, we have analysed two sets of mouse cell lines, one pair, which is proficient and deficient in ATM and the other set expressing or lacking a functional catalytic subunit of the DNA dependent protein kinase (DNA-PKcs). Both kinases are implicated in the downstream phosphorylation of the signaling molecules such as BID and AKT1 in response to DNA damage. BID and AKT1 are also targets of CK2, hence the four cell lines were treated with the three established CK2 inhibitors DMAT, TBB and resorufin in the absence and presence of the radiomimetic drug neocarzinostatin, which induces DNA double-strand breaks. We show that there are differences with respect to the effect of the CK2 inhibitors on the phosphorylation of AKT1 at S473 and its downstream target GSK3β as well as between the two sets of cell lines. However, no such change was seen with BID phosphorylation. The most notably difference was the higher expression of CK2α' and CK2β in DNA-PKcs defective cells compared to the DNA-PKcs proficient cells.
Introduction
Protein kinase CK2 is a ubiquitous serine/threonine kinase involved in a large number of cellular processes including proliferation, survival and viability (reviewed in refs. 1,2). Protein kinase CK2 is a tetrameric holoenzyme consisting of two regulatory β-subunits and two catalytic α-subunits. Besides the major catalytic α-subunit an additional catalytic subunit (α') is known, which is primarily detected in brain and testes (3, 4) . The catalytic CK2 subunits share a high degree of homology except for the C-terminal part (5) and not much is known about the functional difference between the two catalytic subunits. Their functions appear redundant, however mice deficient in CK2α die during early embryogenesis (6) , whereas mice deficient in CK2α' appear normal, although the male mice are sterile due to abnormal spermatogenesis (4) , suggesting that the two catalytic subunits have functions which can not be substituted by the other.
Within the last decade, a role for CK2 has emerged in the DNA damage response both with respect to single strand breaks (SSBs) but especially in response to DNA double strand breaks (DSBs). Major players in the DNA damage response are members of the phosphatidylinositol-3-kinase (PI3K)-related protein kinase (PIKK) family, including ATM (ataxia-telangiectasia mutated), and DNA-PKcs (DNA-dependent protein kinase catalytic subunit), which are both involved in the response to DSBs and ATR (ataxia-and Rad3-related), which has a role in the response to SSBs originating from replicative stress (reviewed in ref. 7) . DSBs are the most deleterious form of DNA damage and can be repaired either through homologous recombination (HR) or non-homologous end-joining (NHEJ), in which DNA-PKcs plays an essential role (reviewed in ref. 8) .
The exact role of DNA-PKcs in NHEJ remains to be fully elucidated, but cells lacking functional DNA-PKcs are sensitive to DSBs and show impaired DNA repair (9) .
Most recently, Olsen et al showed a physiological relationship between DNA-PKcs and CK2 in human glioblastoma cells. Depletion of CK2 strongly inhibits DNA damage-induced autophosphorylation of DNA-PKcs at S2056 as well as repair of DNA double-strand breaks. These results indicate that CK2 plays an important role in modulating DNA-PKcs and provide insights into the mechanisms by which DNA-PKcs is regulated and link CK2 to repair of DSBs (10) . Of note, lack of DNA-PKcs both in human and murine cell lines leads to increased expression levels of CK2α', but not CK2α (11) . Upon induction of DSBs, ATM is rapidly activated and phosphorylates a large number of substrates in various pathways of the DNA damage response (reviewed in ref. 12) . CK2 physically links the MRE11-RAD50-NBS1 (MRN) complex to damaged chromatin through constitutive phosphorylation of the MDC1 mediator protein (13, 14) , which also recruits ATM among other to the site of DNA damage (15) . However, CK2 has also been shown to phosphorylate/interact with other proteins involved in the DNA damage response including p53 (16, 17) , MDM2 (18) , XRCC1 (19) , XRCC4 (20) , BID (21, 22) , CHK1 (23), CHK2 (24, 25) and AKT1 (26, 27) .
BID translocates to the nucleus in response to DNA damage and is transiently phosphorylated by ATM at Ser61 and Ser78 (the major site) (28, 29) . Homozygous BID knockout mice display chromosomal abnormalities and develop a disorder resembling chronic myelomonocytic leukemia (30, 31) , which indicates that BID plays a role in the DNA damage response and in genomic stability. AKT1 is activated following DSBs through phosphorylation by DNA-PK and PDK1 at Ser473 and Thr308, respectively (32) (33) (34) . AKT1 knockout mice show impaired DNA damage-dependent induction of the cyclindependent kinase inhibitor p21 and increased apoptosis (34) , indicating that AKT1 plays a role in promoting survival in response to DNA damage.
Two pairs of mouse cell lines, a pair of mouse embryo fibroblast cell lines expressing or lacking ATM and a pair of mouse fibroblast cell lines proficient and defective in DNA-PKcs were treated with three different CK2 inhibitors. Many of published results involving CK2 are based on the use of CK2 inhibitors such as DMAT and TBB, however, some of them have been shown not only to inhibit CK2 but also other kinases including PI3K and DNA-PKcs (35) , which might be circumstantial with respect to some of the results obtained. As opposed to DMAT and TBB, resorufin has recently been described as the inhibitor with highest selectivity for CK2. Hence, we have included into our investigations DMAT, TBB and resorufin and monitored their potential effect on the phosphorylation status of BID and AKT1 and the downstream target GSK3β in the absence and presence of the radiomimetic drug neocarzinostatin.
Materials and methods
Mouse embryonic fibroblasts (ATM +/+ and ATM -/-) were provided by P. Leder (Boston, MA). Mouse Balb/c fibroblasts and fibroblasts derived from DNA-PKcs defective Scid mice were provided by K. Biedermann (36) . All cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS at 37˚C in a humidified atmosphere and under 5% CO 2 .
Cells were incubated with 50 µM TBB, 25 µM DMAT (both from Calbiochem, Nottingham, UK) or 50 µM resorufin (KinaseDetect ApS, Odense, Denmark) for 5 h. The last 3 h, where indicated, neocarzinostatin (NCS) (a kind gift of Dr Hiroshi Maeda (Kumamoto University, Japan) was added to a final concentration of 30 µg/ml.
Cell extracts and Western blotting.
Whole cell extracts were prepared by washing cells extensively in PBS and collecting by centrifugation. Cells were resuspended in cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton-X-100, 10% glycerol, 1 mM DTT, 30 mM Na 4 PP i , 10 mM NaF, 1 mM Na 3 VO 4 , 100 nM okadaic acid) containing a protease inhibitor cocktail (Roche, Hvidovre, Denmark). Lysates were cleared by centrifugation at 4˚C for 20 min at 12,000 x g. Proteins (15 µg) were separated by SDS-PAGE and the proteins transferred to a PVDF membrane (BioRad, Copenhagen, Denmark) by wet blotting in 25 mM Tris, 192 mM glycine, 0.1% SDS, 20% MeOH. The membrane was blocked in blocking buffer (0.2% casein, 0.1% Tween-20 in PBS) and incubated with either monoclonal anti-AKT, -GSK3β (both from BD Transduction Laboratories, Franklin Lakes, NJ, USA), anti-CK2β, -CK2α/α' (both from Calbiochem), anti-β-actin (Sigma, Brondby, Denmark) or polyclonal anti-Phospho-AKT (Ser473) (Biosource, Invitrogen, Taastrup, Denmark), anti-Phospho-BID (Ser78), -Phospho-BID (Ser61) (both from Bethyl Laboratories, Montgomery, TX, USA), anti-BID (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Phospho-GSK3β (S9) (Cell Signaling Technology, Beverly, MA, USA), anti-CK2α' [obtained by immunizing rabbits with a specific peptide (SQPCADNAVLSSGTAAR)]. After washing in blocking buffer the membranes were incubated with either a secondary goat anti-mouse antibody or goat anti-rabbit coupled to alkaline phosphatase (Jackson ImmunoResearch Laboratories, Suffolk, UK). Visualization was done with CDP-star (Applied Biosystems, Naerum, Denmark) according to the manufacturer's instructions.
Protein kinase activity tests. Protein kinase CK2 activity test was performed for 10 min at 30˚C in a total volume of 50 µl containing 25 mM Tris-HCl pH 8.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 125 µM ATP, 0.6 µCi [γ-
32 P]-ATP (3,000 Ci/ mmol, Hartmann Analytic, Braunschweig, Germany), 200 µM CK2 peptide (RRRADDSDDDDD, from KinaseDetect ApS) and 5 µg whole cell extract. Samples were spotted onto P81 phosphocellulose paper and washed extensively in 0.85 mM phosphoric acid. Incorporation of radiolabeled phosphate was measured by counting samples in a liquid scintillation counter (Canberra-Packard, Downers Grove, IL, USA).
Results
In order to analyse a possible interplay between members of the PIKK family (ATM and DNA-PKcs) and CK2 in response to neocarzinostatin-induced DNA damage, we focused on BID and AKT1 since these are targets of both a PIKK and CK2. Mouse embryo fibroblasts proficient and deficient in their expression ) were pre-incubated with 50 µM TBB or resorufin or 25 µM DMAT for 2 h before adding 30 µg/ml NCS for an additional 3 h. CK2 kinase activity in cell lysates was determined against the synthetic peptide RRRADDSDDDDD.
of ATM, were incubated with one of the three CK2 inhibitors TBB (37) , DMAT (38) and resorufin (39) in the absence and presence of the radiomimetic drug neocarzinostatin (NCS), which induces DSBs (40) . To ensure, that endogenous CK2 was inhibited we measured CK2 activity, and the activity measured in untreated cell lysates of ATM +/+ and ATM -/-cells was set to 100% (Fig. 1) . Cells were incubated with NCS alone or together with either one of the CK2 inhibitors TBB, DMAT and resorufin and the various combination treatments as indicated in the figure legend. NCS alone did not have a significant influence on CK2 activity. In contrast treatment with the three established CK2 inhibitors TBB, DMAT and resorufin, led to a significant reduction of endogenous CK2 activity. DMAT treatment led to a loss of approximately 70% of endogenous CK2 activity, whereas TBB and resorufin attenuated CK2 activity by 30 and 25%, respectively. The inhibition of CK2 activity was always somewhat higher in ATM +/+ cells as compared to cells lacking ATM. Combination treatments, with CK2 inhibitors and NCS did not further influence CK2 activity.
To analyse the effect of the above-mentioned treatments on the signaling molecules AKT1 and BID, Western blot analyses were performed to detect changes in the phosphorylation status and expression levels (Fig. 2) . Neocarzinostatin-induced DNA damage in ATM wild-type cells led to a significant reduction in AKT1 S473 phosphorylation ( Fig. 2A) in comparison to the untreated control lysate. Treatment of the cells with TBB in the absence and presence of NCS, did not influence the phosphorylation of AKT1 at S473 in comparison to the untreated control lysate (Fig. 2A) . Similar results were obtained for DMAT (Fig. 2B) and resorufin (Fig. 2C) , respectively. The activity status of AKT1 was confirmed by downstream phosphorylation of GSK3β. Fig. 2A shows that concomitant with the decrease in phosphorylation of AKT1 S473, phosphorylation of S9 in GSK3β decreases. The presence of TBB seems to have no influence on the degree of phosphorylation of S9, similar results were obtained with resorufin (Fig. 2C) . However, treatment with DMAT (Fig. 2B) showed strong S9 phosphorylation in NCS treated cells in comparison to the NCS treatment alone.
In ATM mutant cells phosphorylation of the AKT1 S473 residue, did not show any changes upon NCS, TBB and resorufin treatment ( Fig. 2A and C) , in contrast to that seen in ATM wild-type cells. Furthermore, there appears to be lower background phosphorylation of AKT1 at S473 in ATM -/-cells. Although one would expect that the phosphorylation status of GSK3β, a direct downstream target of AKT1, should reflect ) preincubated with 50 µM TBB (A), 25 µM DMAT (B) or 50 µM resorufin (C) for 2 h before addition of 30 µg/ml NCS for an additional 3 h. As a loading control β-actin expression was used.
the phosphorylation status of AKT1, this is not the case in ATM mutant cells with respect to DMAT treatment (Fig. 2B) . As already mentioned above P-AKT1 S473 phosphorylation was higher in control and NCS-treated cells, yet the phosphorylation status of GSK3β at S9 was attenuated upon DSB induction irrespective of the presence of CK2 inhibitors TBB and resorufin ( Fig. 2A-C) . DMAT treatment rescued S9 dephosphorylation in the presence of NCS (Fig. 2B) . Both the expression of AKT1 and GSK3β protein, were unaltered with the different treatments and comparable in the two cell lines.
We also investigated the phosphorylation status of BID protein at S78 and S61. Both residues were only phosphorylated upon NCS treatment ( Fig. 2A-C) in agreement with published data (28, 29) and co-treatment with CK2 inhibitors TBB and DMAT led to a slight increase in the phosphorylation of S78 ( Fig. 2A and B) , which was not the case with resorufin (Fig. 2C) . As a control for the induction of DSBs, we monitored histone H2AX phosphorylation at Ser139 (41) . We also investigated the expression levels of three different CK2 subunits. However, no differences were observed between the two cell lines using β-actin as a loading control, irrespective whether the cells were challenged with CK2 inhibitors or NCS.
Next we performed the same experiments, in a pair of mouse fibroblast cell lines, proficient (Balb/c) or deficient in a functional catalytic subunit of DNA-PK (Scid). The degree of inhibition of endogenous CK2 activity was measured after incubation of the cell lines with the three CK2 inhibitors DMAT, TBB and resorufin, in the absence and presence of NCS (Fig. 3) . As with the ATM cells, the activity in untreated cell lysates for both cell lines was set to 100%. Incubation with NCS had no influence on CK2 activity, either in DNA-PKcs proficient or in DNA-PKcs defective cells. Again, as seen in ATM MEFs, DMAT treatment led to the strongest reduction in CK2 activity, with a residual activity of approximately 20%. Treatment with TBB and resorufin led to an approximate loss of 50% CK2 activity in DNA-PKcs expressing cells, whereas in the DNA-PKcs mutant cells the CK2 activity loss was less pronounced. Induction of DSBs (treatment with NCS) had no influence in combination with the CK2 inhibitors on the activity of CK2.
Whole cell lysates from cells treated as in Fig. 3 , were subjected to Western blot analysis, to detect the expression of AKT1, GSK3β, BID and CK2 subunits and the phosphorylation status of P-AKT1 (S473), P-GSK3β (S9), P-BID (S78), P-BID (S61). Unlike the ATM cells, there is no decreased phosphorylation of AKT1 at Ser473 in response to neocarzinostatin (Fig. 4) . Neither is the phosphorylation altered by the different CK2 inhibitors with the exception of DMAT, which decreased the phosphorylation in both DNA-PKcs wild-type and mutant cells (Fig. 4B) . In addition, there is a much higher degree of AKT1 S473 phosphorylation in DNA-PKcs wild-type cells, in accordance with reports, that S473 is a target of DNA-PK (33, 34) . Phosphorylation of GSK3β (S9), a downstream target of AKT1, mirrored the AKT1 S473 phosphorylation in DNA-PKcs expressing cells with respect to NCS treatment and also with respect to TBB (Fig. 4A) ; however, DMAT did not lead to decreased S9 phosphorylation, as was the case for AKT1 S473 (Fig. 4B) . Co-treatment with resorufin slightly decreased the phosphorylation of S9 (Fig. 4C) . As for DNA-PKcs defective cells, NCS slightly decreased the phosphorylation of S9, which interestingly was not overall decreased in DNA-PKcs defective cells, as was the case with AKT1 S473, suggesting that other kinases can also target S9, besides AKT1. TBB did not affect the S9 phosphorylation of GSK3β (Fig. 4A) , however DMAT decreased the phosphorylation (Fig. 4B) . In the case of resorufin, the combination with NCS almost completely abolished the phosphorylation of GSK3β S9 although the AKT1 S473 phosphorylation was unaltered (Fig. 4C) .
Next, we investigated the phosphorylation status of BID at S78 and S61 in both DNA-PKcs proficient and DNA-PKcs defective cells, yet there was no significant alteration in the phosphorylation status observed. As expected, there was a strong BID phosphorylation observed in cells undergoing NCS treatment (Fig. 4A-C) . DSB induction was monitored by analysing the phosphorylation of H2AX at S139.
The most significant difference observed between the two cell lines is the expression status of CK2 subunits, especially CK2α' and CK2β (Fig. 4A-C) . Although the different incubations did not alter the expression of the two subunits, there was an overall increased expression of CK2α' (3-4 times) and CK2β (up to two-fold) in cells lacking DNA-PKcs. The expression of CK2α was not increased, however, the activity of CK2 was increased by ~1.3 in the DNA-PKcs defective cells (data not shown).
Discussion
Protein kinases as therapeutic targets especially in cancer are currently a major focus in academia and the pharmaceutical industry. Many inhibitors with high potency are available, however, the challenge is their selectivity. Herein, we tested three CK2 inhibitors; the selection of different CK2 inhibitors was necessary in order to check whether they lead to the same results. These considerations are based on previous observations that only resorufin shows a very selective CK2 inhibition, in contrast to TBB and DMAT, which have been shown also to inhibit members of the PIKK family (35) . This may be due to their chemical nature since TBB and DMAT are polyhalogenated benzimidazoles, whereas resorufin belongs to the phenoxazine-3-ones (reviewed in ref. 42) .
Herein, we investigated the effect of the three established protein kinase CK2 inhibitors DMAT, TBB and resorufin on the signaling molecules AKT1/GSK3β and BID. This was done in two pairs of mouse cell lines expressing/lacking a functional member of the PIKK family i.e. ATM and DNA-PKcs, respectively, and in the absence and presence of the radiomimetic drug neocarzinostatin in order to characterize interplay between CK2 and PIKKs.
In accordance with previous data, DMAT is most potent in inhibiting endogenous CK2 activity in both sets of cell lines, followed by TBB and resorufin, although resorufin is the most selective CK2 inhibitor of the three (35, 39) . All three inhibitors were slightly less potent in the mouse embryo fibroblast cell lines, especially TBB and resorufin. Furthermore, there were no differences in their inhibition of CK2 regardless if the cells were incubated with inhibitor alone or in combination with NCS. This is in agreement with data from Fritz et al, where the incubation of cells with a combination of the genotoxic drug cisplatin in combination with CK2 inhibitors did not change the degree of inhibition compared to incubation with CK2 inhibitor alone (35) .
The overexpression of CK2α' and CK2β in DNA-PKcs defective fibroblasts was accompanied by a 1.3-fold increase in CK2 activity (data not shown) in agreement with previously published data and the increase of CK2α' was also found in human glioblastoma cells (11) . However in the glioblastoma cells, there was no increase in CK2β, the reason for the increase in CK2 subunits is at present unknown but was also seen at the mRNA level in the human glioblastoma cells (11) . No such difference was seen in the ATM pair of cell lines, indicating that it is specific for DNA-PKcs.
In response to DNA damage, BID is phosphorylated by ATM at S78 and S61 (28, 29) . Since we previously reported that, at least in vitro, CK2 could phosphorylate BID at S76, we were wondering if there was a hierarchical phosphorylation, which is known from CREB and SMC3 (43, 44) , where a constitutive phosphorylation by CK2 is required for efficient DNA damage induced ATM phosphorylation of a nearby site. However, as can be seen from the results with the three inhibitors, this is not the case, since there is no change in the phosphorylation of BID. Regardless of CK2 activity, ATM is able to efficiently phosphorylate BID at S78. In addition, it is confirmed that S78 is an ATM site, since this is not phosphorylated in ATM deficient cells. S61 is weakly phosphorylated confirming previous data, that S61 can also be targeted by other kinases e.g. CK1 (21) .
AKT1 activation and S473 phosphorylation in response to DNA damage are DNA-PK dependent (34) . Our data show that in DNA-PKcs defective cells phosphorylation of AKT1 at S473 is attenuated in comparison to wild-type cells (Fig. 4) . However, such an attenuation of S473 phosphorylation is also seen in ATM -/-cells (Fig. 2) . These results are in line with a recent report from Li and Yang (45) who compared two isogenic mouse embryonic fibroblast cell lines derived from normal and ATM knockout mice. In normal MEF cells treated with insulin, S473 is readily phosphorylated, whereas S473 phosphorylation is almost completely abolished in ATM -/-MEF cells.
Our results obtained during the investigations reported here support the notion that DMAT is interfering with DNA damage response in ATM and DNA-PKcs cells. Although the phosphorylation of AKT S473 is already attenuated in ATM and DNA-PKcs defective cells, treatment with DMAT led to an even greater reduction of AKT S473 phosphorylation, which is also the case upon NCS induction (Figs. 2B and 4B) . These results are in line with our previous observations (35) that DMAT and TBB also interfere with PI3K and DNA-PKcs activity. The reason that TBB is not showing such a strong effect as DMAT may be owing to the fact that the K i values for TBB and DMAT are 0.4 and 0.04 µM, respectively (for review of CK2 inhibitor K i , see ref. 42 ). Hence, DMAT has a considerably higher potency towards CK2 but also towards other kinases such as the PIKKs.
Overexpression of CK2α has been shown to correlate with metastatic risk in breast carcinomas (46) , poor prognosis in human colorectal carcinoma (47) , and acute myeloid leukemia (48) . However, in contrast to the reported observations with respect to CK2α no detailed information exists for the isozyme CK2α'. This is not surprising since the isozymes cannot be distinguished with respect to their activity. At present the only possibility to distinguish both isozymes is by antibody detection. CK2α' has been shown to be elevated in testis and in brain (3) . Whereas in testis the role of CK2α' has been established to be important for the maturation into fertile spermatocytes, the possible role in brain is lacking. Hence at present we do not know what the overexpression of CK2α' will cause in the various scenarios, e.g. in glioblastoma cell defective in DNA-PKcs (11) and in Scid mouse cells also devoid of a functional DNA-PKcs. However, one should keep in mind that the glioblastoma cell lines were derived from a tumor and other factors, owing to the many chromosomal aberrations, may influence the observed elevated CK2 activity and CK2α' expression, so the correlation with a lack of functional DNA-PKcs is more apparent than real. Hence, the results, obtained here are based on normal cells, with a normal karyotype and moreover in another species, strongly support a correlation between lack of DNA-PKcs and increase of CK2 subunits.
